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ABSTRACT 

Wi thou t  :steady mass loss d u r h g  t h e  r e d  g i a n t  p h a s e ,  

most s t a r s  wi-l;h m a s s  above the Chandrasekhar  l i m i t  s h o u l d  

e v o l v e  i n t o  t y p e  I1 supernovae ,  b u t  t h e  p r e d i c t e d  number 

.of siL;?crnovae is  much larger t h a n  t h e  o b s e r v e d  number. 

Although mass loss c o n s i d e r a b l y  l o w e r s  t h e  p r e d i c t e d  

number, i t s  e f f ec t  w i l l  b e  reduced  b e c a u s e  of n e u t r i n o  

e m i s s i o n  which d e c r e a s e s  t h e  t i m e  sca le  of  t h e  l a t e  

p h a s e s .  However, by u s e  of ; > r e s e n t l y  known r a t e s  of 

ste1:Lar evolution and  m a s s  e j e c t i o n ,  it is  shown t h a t  

l o s s  of m a s s  w i t h  or’ w i t h o u t  n e u t r i n o  e m i s s i o n  w i l l  roughly 

a c c o u n t  for t h e  o b s e r v e d  number O F  t y p e  I1 supe rnovae .  

Thus n e u t r i n o  e m i s s i o n  i s  no t  c o n t r a d i c t e d  by o b s e r v a t i o n s  

of s ape rnova  f r e q u e n c y .  ,q o r t t d d  
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INTRODLJCTION 

A g a i n s t  t h e  c u r r e n t  t h e o r y  or” p r o g r e s s i v e  n u c l e o s y n t h e s i s  

in stars (Bu;-bidge , B u r b j  d&e,  FowLer and Moyle 1957) , i s  

r a i s e d  t h e  s e r i o u s  o b j e c t i o a  t h a t  f a r  more supei-novae s h o u l d  

b e  obse rved  t h a n  i s  t h e  a c t u a l  case.  F o r  i n s t a n c e ,  on t h e  

. assumpt ion  t h a t  e v e r y  s t a r  w i t h  m a s s  above  t h e  Chandrasekhnr  

l i m j c  ( 1 . 4  m q , )  ge t s  r i d  o f  its e x c e s s  m a s s  by supernova  ex- 

p l o s i o n ,  w e  compute for t h e  Galaxy with - 2 x l o 9  s t a r s  of 

b > 1 . 4  h 

195&) a f r e q u e n c y  of a t  l e a s t  200  supe rnovae  p e r  300 y e a r s .  

This is t o o  l a r g e  by two orders of magni tude ,  compared w i t h  

t h e  o b s e r v e d  Frequency of abou t  one supernova  e v e r y  300  

yearas (Zwickj, 1958)  . T h i s  well-known r e s u l t  was o b t a i n e d  b y -  

Schwarzschi lc ;  (1958) i n  two s1 ight ; ly  d i f f e r e n t  ways, u s i n g  

arid a v e r a g e  1 i f e r ; i m e  - 3 x l o 9  y e a r s  ( S c h w a r z s c l ~ i l d  
0 

t h e  dea th - ra t . e  f u n c t i o n  and  t h e  obse rved  numberr; of w h i t e  

d w a r f s .  

It is  ncw a p p a r e n t  t h a t  many s t a r s  undergo e x t e n s i v e  

m a s s  l o s s  i n  c h e  form of “wi’nds” d u r i n g  t h e  r e d  g i a n t  phase  

of t h e i r  e v o l u t i o n  (Deutsch  19562;  Weymann 1 9 6 2 ) .  T h i s  i s  

b e l i e v e d  t o  a c c o u n t  for most of the excess m a s s  t h a t  must 

b e  e x p e l l e d .  On t h e  n e u t r i n o  t h e o r y  o f  l a t e  s t e l l a r  

e v o l i i t l o ~ ~ ,  however,  khe L i m e  scale is  ‘ so  sh runken  t h a t  m a s s  

l o s s  due t o  winds may b e  i n e f f e c t i v e ,  and  t h e  n e u t r i n o  
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l u m i n o s i t y  r i s e s  s o  h i g h  t h a t  ene rgy  r e q u i r e m e n t s  can  f o r c e  

stai-s of r e l 3 t i v e l y  low mass t o  e v o l v e  t o  t h e  supernova s t a g e  

( e . g . ,  Chiu 19612,_b) .  These c o n s i d e r a t i o n s  would l e a d  u s  t o  

e x p e c t  a g a i n  a h i g h e r  f rcquency of super'nova o u t b u r s t s .  It 

is t h e  pu rpose  of  t h i s  paper  t o  see whether  t h e  t h e o r y  of 

n e u e r i n o  e m i s s i o n  is  i n  c o n f l i c t  w i th  o b s e r v a t i o n s .  

E V O L U T I O N ~ L R Y  T D I E  SCALES 

D e t a i l e d  s t e l l a r  moc1el.s have been  computed f o r  the l a b e  

e v o l u k i o n a r y  p h a s e s  o n l y  i n  t h e  c a s e  of t h r e e  niasses 

( s e e  Tab le  1 and re ferences) .  

c loc j e s t  masses  f rom t h e  obse rved  mass-spectrum r e l a t i o n  

t a b u l a t e d  by S c h w a r z s c h i l d  ( 1 9 5 8 ) .  The main sequence  l i f e -  * 

t i m c ,  T,,, i s  d e f i n e d  a s  t h e  t i m e  r e q u i r e d  for a s t a r  t o  burn  

13 p e r c e n t  of i ts hydrogen .  

1 . 3  h, 

Accord ing ly  w e  l i s t  t h e  t h r e e  

Hayashi  and  Cameron ( 1 3 6 2 2 , b )  and  Hayashi ,  Hosh i ,  a n d  
- 

Sug:;moto (1.962) have  computed models  for a s t a r  of 1 5 . 6  111 0 

a s  a r e d  s u p e r g i a n t .  The l i f e t i m e  o f  ca rbon-burn ing  is  

2 . 3  x 10 5 y e a r s . a n d  of t h e  l a t e r p h a s e s ,  - 6 x l o 5  y e a r s ,  

w i t h o u t  neu.i;l-ino e m i s s i o n .  These l i f e t i m e s  a r e  s h o r t e n e d  

t o  ii t o t a l  of' a t  most 8 x 104 y e a r s  if n e u t r i n o  e m i s s i o n  i s  

irici-ucied. "Keeves ( 1 9 6 2 )  a l s o  e s t ima tes  tha-t; t h e  t i m e  s ca l e  

is reduced  by a f a c t o r  of 1 0  because of n e u t r i n o . e r n i s s i o n .  

I 
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A s t a r  of i n t e r m e d i z c c  m a s s  ( 3  P, ) m a k e s  a b r i e f  0 

exc i i r s ion  in1;o t h e  G and  E( g i a n t  regi-on d u r i n g  helium- 

burii ing,  b u t  does  n o t  beconic a red s u p e r g i a n t  u n t i l  t h e  

o n s e t  of ca rbon-burn ing  (IIayashi  X i sh ida  , and Sugimoto 1 9 6 2 ;  

Hayashi ,  Hoslli, and S u g i r ~ o t o  1 9 6 2 ) .  

b u r n i n g  c a r b o n ,  and  e x t r a p c l a t i n g  f r o m  t h e  r e s u l t s  on t h e  

s t a i -  of 1 5 . 6  h,, w e  e s t i m a t e  t h a t  it spends  a t  l e a s t  3 x 1 0  

y e a r s  i n  t he  l a t e r  p h a s e s .  T h i s  number may b e  c o n s i d e r a b l y  

u n d e r e s t i m a t e d ,  a s  degeneracy  i n  t h e  c o r e  w i l l  o c c u r  in  t h e  

It s p e n d s  1 x l o 6  y e a r s  

6 

cast: of  a st;,r of  4 a,, whereas  i n  the c a s e  of 15.6 ha it 

i s  v e r y  s l i g h t .  I n  f a c t ,  Hayashi ,  N i s h i d a ,  and  Sugimoto 

(1902)  found t h a t  - 4 ha represents a c r i t i c a l  mass below 

whi<:h degene racy  o c c u r s  i n  c h e  c o r e  j u s t  b e f o r e  hel ium- 

bu r l l i ng .  The: r e d  g i a n t  l i f e t i m e  w i t h  n e u t r i n o  e m i s s i o n  

i n c l u d e d  is 1.0 y e a r s  (Hayashi ,  I Ioshi ,  and  Suginioto 1 9 6 2 ) .  6 

The e v o l u t i o n a r y  t r a c k  of a s t a r  of 1 . 3  m e n t e r s  t h e  0 

G - K r e d  g i a n t  r e g i o n  durifig g r a v i t a t i o n a l  c o n t r a c t i o n  and 

t h e  o n s e t  of he l ium-burning .  Degeneracy i n  t h e  c o r e  r a i s e s  

t h e  t i m e  s ca l e  t o  T~~ > : 2 . 5  x l o 7  y e a r s  ( S c h w a r z s c h i l d  and  

S e l b e r g  1 9 6 2 ;  Schwarzsch i ld  a n d  H 2 r m  1 9 6 2 )  . Presumably,  

a f t e r  a b r i e f  p e r i o d  of non-degeneracy fol lowing;  t h e  he l ium 

f l a s h ,  t h e  f u r t h e r  e v o l u t i o n  of t h e  s t a r  i s  f i n z l l y  l i m i t e d  

1 u y  -. i - e l - l e w e d  degeIleI'dCy, iile s i a r .  becomes a w i t i c e  ciwarf 

or t y p e  I supernova  ( p o p u l a t i o n  I1 and due t o  a n  e n t i r e l y  
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d i f f e r c n t  mechanism; see H o y l e  and Fowler  1 9 6 0 )  w i t h o u t  re- 

turning to t a e  r ed  g i a n t  r o g i o n .  P l i l s m a  neutrino emiss ion  

w i l l  have  soine e f f e c t  on t h e  luminos iky  of t h e  c o r e  of t h e  

stai-, b u t  not on t h e  t o t a l  l u m i n o s i t y  (Chiu  1 9 6 3 b ) ,  and  is 

t h e i - e f o r e  noc b e l i e v e d  co a f f e c t  the kime s c a l e  s i g n i ~ ~ i c a n t l y .  

Although %he models  f o r  these t h r e e  s t a r s  had d i 3 f e r e n t  

assumed i n i t i a l  chemica l  co~npos ic ions ,  t h e  t h e  s c a l e s  of 

evo;.ution, e s p e c i a l l y  du r ing  the l a t e r  phases, shou ld  n o t  

be  z : f fec ted  7 2 0 0  much by a change i n  i n i t i a l  compos i t ion ,  

at l e a s t  t o  w i t h i n  t h e  accu racy  we rccjuice ( c f .  Table  1). 

MASS LOSS 

W e  now t u r n  to t h e  problem or" m a s s  l o s s  by  stars i n  the- 

form of winds  o r  e j e c t i o c  OJ? shells. The s o l a r  wind ca r r i e s  

awaj' 3 x 1 0  tn / y e a r ,  which is c o m p l e t e l y  n e g l i g i b l e  

( P a x k e r  1963) . U n d e r h i l l  ( p r i v a t e  communication) o b t a i n s  

o b s c r v a t i o n a j . l y  a m a s s  l o s s  of 1 0 - 6  t o  10-7 ma/ y e a r  f o r  

Wolf-Rayet s tears  and  b e l i e v e s  t h a t  t h e  normal  0 stars would 

h a v e  this 7at.z r educed  by a f a c t o r  of 10. F o r  a B e  shell 

s t a r .  (10 U n d e r h i l l  ( 1 9 6 0 )  o b t a i n s  l o d 7  ba/year,  1;o b e  

reduced  by a s i m i l a r  factor 120:- the normal B stars. IIence 

w i i i l  main-sequence l i f e t i m e s  of 5 x 10- and 1 x 10' y e a r s ,  

r e s p e c t i v e l y ,  t;he mass l o s s  cven f'rom 0 and B s t a r s  i s  

-1-4 
0 

h 



n e g l i g i b l e  d u r i n g  t h e  main-sequecce phase  of e v o l u t i o n .  

Dur ing  Ghe red giant p h a s e ,  h o w e v e r , o b s e r v a t i o n s  show 

tha-; mass l o s s  can be  c o n s i d e r a b l e .  Wcymann ( 1 9 6 2 )  o b t a i n s  

for a O r i o n i s  a n  o u t f l o ~  of 4 s 1 0  P, / y e a r .  A l l e n  (1955)  

g i v e s  f o r  a scar wi th  i t s  s p e c t r a l  Lype ( M 2  Iab) a mass of 

- 2 0  m . The cor re spond in :  e s c a p e  v e l o c i t y  i s  c o n s i s t e n t  

w i t h  t h e  assumpt ion  of  o--ltflow of m a t e r i a l .  Deutsch  (19562) 

o b t a i n s  a mass l o s s  of 3 x lo-' ha /yea r  for QI H e r c u l i s .  T h i s  

s t a r  i s  a v i s u a l  b i n a r y  A i t h  a ccmputed mass of 15 9o for t h e  

m o r t :  mass ive  M component. Howevcr, i t s  s p e c t r a l  and  

1um:inosi ty  c l a s s  (1'1.5 11) would i n d i c a t e  a mass morc  l i k e  

4 h, ( A l l e n  1955). Moreover, Weyrnann ( 1 9 6 0 )  h a s  p o i n t e d  out 

thaG t h e  i n t e r p r e t e d  v e l o c i t y  of o u t f l o w  i s  n o t  c o n s i s t e n t  

w i t 1 1  t h e  e s c a p e  v e l o c i t y  c a l c u l a t e d  f o r  15 Ti,. 

W i l s o n ' s  (1960)  d i s t a n c e  d e t e r m i n a t i o n  f o r  a H e r c u l i s  and 

i n s l J e c t i o n  of  t h e  H-R diagram of ga lac t ic  c lus te rs  t o  suggest 

t h a t  t h e  m a s s  of t h e  M conponent  i s  - 4 h,. 

mass i n  Table 1. 

-6 
0 

0 

H e  u s e s  

W e  a d o p t  t h i s  

Hayash i ,  Hosh i ,  and Sagimoto ( 1 9 6 2 )  found  t h a t  t h e  

mairi e f f e c t  of mass  l o s s  i s  t o  r e d u c e  t h e  e f f e c t i v e  t e m p e r a t u r e .  

Xow Deucsch (1960) showed tha-t mass l o s s  i s  v a s t l y  more 

e f f 5 - c i e n t  a t  t h e  lower  t e m p e r a t u r e s .  S i n c e  s t a r s  w i t h  

iG 2 4 ino spend  l e s s  t i m e  i n  ca rbon-burn ing  t h a n  i n  the 

l a t e r  p h a s e s ,  t h e  a v e r a g s  r a t e  of mass l o s s  w i l l  b e  greater  
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t h a n  t h a t  i r l d i c a t e d  i n  T a b l e  1. Moreover,  D e u t s c h ' s  v a l u e  

of  the l o s s  f r o m  a Hercu1i.s i s  a lower  l i m i t ,  and h e  p o i n t s  

o u t  t h a t  s i g n i f i c a n t  l o s s  may even o c c u r  a?; t h e  e a r l i e r  

s p e c t r a l  t y p e s ,  which wou1.d i n c l a d e  part of t h e  h e l i u m -  

b u r n i n g  phase  of ;I s t a r  or' 4 h (Deutsch  1 9 6 0 ) .  S i n c e  t h e  

rate: o f  l o s , ~  shou ld  b e  ~ - o u $ ~ l y  independen t  of s t e l l a r  mass, 

0 

perl iaps  Weyrnann's v a l u e  i s  a b e t c e r  a v e r a g e .  T h e r e f o r e  it 

seems t h a t  mass l o s s  w i : L l  he e f f e c t i v e  i n  r e d u c i n g  t h e  mass 

o f  ii s t a r  w i th  i n i t i a l  .I h t o  below t h e  Chandrasekhar  l i m i t .  

The s t a r  w i l l  t h e n  bec0rr.e e i t h e r  a i j h i t e  dwarf w i t h  c o r e  

0 

composed of t h e  p roduc t , s  o f  carbon-burn ing  or perhaps  a 

supernova  o f  t y p e  I .  T . i S l e  1 also suggests t h a t  m a s s  l o s s  

w i l l  be  e f f e c t i v e  even ~p t o  1.5 - 20 iri, (main sequence  

spectrum B 2 )  f o r  t h e  c a s e  of no n e u t r i n o  l o s s .  S t a r s  w i t h  

3. < 4 h w i l l  a l m o s t  c e r t a i n l y  l o s e  some mass, c o o l  o f f ,  

and a v o i d  t y p e  11 supernova e x p l o s i o n ,  w i t h  or w i t h o u t  

0 

n e u t r i n o  e x  i s s i o n .  

I f  m a E , s  l o s s  is n o t  c f f i c i c n t  enough, however, o r d i n a r y  

evolut ionarby p rocess$s  wi : , . l  inakc supe rnovae  o u t  of a l l  stars 

w i t h  k > 4 h, ( B 8 ) ;  w i t h  i ieu t r i r io  e m i s s i o n ,  mass l o s s  w i l l  

c e r i x l n l y  Le i n e f f i c i e n t  f o r  t h e  m o r e  mass ive  s t a r s  because  

of  i;he d r a : ; t i c a l l y  redt.ced t i m e  s c a l e ,  a s  i nd ica t ec i  i n  

I d U . , . e  1 foi-  '18 m '"0 ( R 3 )  

c r i i ; i ca l  s p e c t r a l  c l a s s  €or which c a r l i e r  sta.-s become 

r n - l - 1  50. we s h a l l  r e g a r d  - B8 a s  t h e  



9 .  

supe rnovae  c n  t h e  n e u t r i n o  t h e o r y .  

We n o t e ,  p a r e n t h e t i c a l l y ,  t h a t  o b s e r v a t i o n s  of g l o b u l a r  

and  open c l u s t e r s  s u p p o r t  t h e  t h e o r e t i c a l  r e s u l t s  t h a t  main- 

seqxcnce  s t a r s  evo lve  i n t o  r e d  g i a n t s  ( a t  l e a s t  t h e  s t a r s  of 

low and in te l -media te  m a s s ) .  F o r  t h e  mass ive  s t a r s  t h e  

e v i d e n c e  frcrn OB c l u s t e r s  1s s u g g e s t i v e  (Hayashi  and Cameron 

1 9 6 2 2 , h )  e t e n  though n o t  r e q u i r e d  (Chiu 1 9 6 3 2 ) .  Moreover,  

s t a r - c o u n t s  and t h e  d i s t r - i b u t i o n  of  M g i a n t s  i n  t h e  f i e l d  

(Deutsch  195t6h) s u p p o r t  t h i s  view of e v o l u t i o n .  

STELLAR STATISTICS A K D  FREQUBKCY OF SUPERNOVAE 

We must, now estimate t h e  number of 0 and B s t a r s  i n  

t h e  Galaxy.  R o b e r t s  (19 57)  u sed  Shni re lman '  s (19 52)  value: 

of 1 . 8  x 10" BO-B5 s t a r s  t o  o b t a i n  2 . 5  x lo6 BO-B7 s t a r s .  

Rubin & &. (1962)  l ist  1440 0 - B j  s t a r s  w i t h i n  a r a d i u s  of  

3 kpc  a round t h e  sun;  t h i s  v a l u e  i s  e s t i m a t e d  to be 5 p e r c e n t  

comple t e .  I f  w e  assume w i i , h  Rubin et a. t h a t  t h e  r a d i u s  of  

t h e  Galaxy is 1j kpc ,  w e  o b t a i n  a t o t a l  of 7 x l o 5  0 - B j  

s t a r s  i n  t h e  Galaxy.  B y  e x t r a p o l a t i o n  w e  get  1 x l o 6  0-B7 

s t a r s .  

0 s t a r s  i n  t h e  Galaxy.  Therefore WE: e s t i m a t e  t h a t  t h e r e  

are j x 1 0  0 -B2  s t a r s .  Using t h e  main-sequence l i fe t ime 

or" t h e  l a t e s t  s t a r  i n  a sixall s p c c t r a l  interva:L,  w e  d i v i d e  

Parenago (1948) and R o b e r t s  ( 1 9 5 7 )  o b t a i n  6 x 1 0  3 

4 
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I 

Che number o f  s t a r s  i n  t h e  i n t e r v a l  by T~~ t o  o b t a i n  t h e  

predic-bcd number of  supe rnovae  ( S X ) .  The cLrnulat ive s p e c t r a l  

i n t e r v a l s  and  numbers of supe rnovae  a r e  l i s t e d  i n  Tab le  2 .  

Thc obse rved  frcqucncy of b o t h  t y p e  I and t y p e  11 super- 

no'iae i n  e x t e r n a l  g a l a x i e s  is one  i n  300-40C y e a r s  (Zwicky 

19 jS) . The u n c e r t a i n  cGmpleteness  of the  s e a r c h e s  h n d  inLra -  

g a l a c t i c  c x t i n c t i o n  i n d i c a t e s  a t r u e  f r e q u e r c y  t h a t  i s  h i g h e r  

by a n  unknown f a c t o r .  i h e  t h r e c ,  w e l l - a u t h e n t i c a t e d  s u p e r n o v a e  

i n  our o w n  Galaxy w e r 2  or" cype I and show an a p p a r e n t  f r c q u c n c y  

of  1 S S / 3 0 0  y e a r s .  0-ther supe rnovae  have  been r e c o r d e d  i i i  oEr 

Galaxy (Kukark in ,  Parenago,  Efrcmov, and Kholopov 19 j 8 )  , ,ju*t 

t h e i r  t y p e  i s  unknown. However, t y p e  I1 supe rnovae  a r e  known 

t o  be  more common i n  g e n e r a l  (Payne-Saposchkin 1 9 5 7 ) .  Helice 

w e  s h a l l  s c c e p t  f o r  o u r  own Galaxy t h e  I1true" extragalacbi-c 

r a t e  of t y p e  I1 supernovae  a s  > 1 SN/300 y e a r s .  

We recall from the f i r s t  pa rag raph  of t h i s  p a p e r  t h a t  

w i t h o u t  m x s s  l o s s  t h e  fi7ecluency of supe rnovae  s h o u l d  b e  

greazer  t-.an 200 p e r  :IO0 years. T h i s  is  t o o  la rge  by a b o u t  

two o r d e r s  o f  magn i tude .  F1-om T a 3 l e  2 w e  n o t e  t h a t  on t h e  

basis of mass l o s s  w i i , l ~  3f' \z,itliou$ n e u t r i n o  e m i s s i o n  t h e  

p r e d i c t e d  f r e q u e n c i e s  ( d e s p i t e  the u n c e r t a i n t i e s  i n  a r r i v i n g  

a t  them) f a l l  w i t h i n  i; ~ ~ z s o n a b l c  range of  t h e  o b s e r v e d  

f r e q u e n c y .  I n  f a c t ,  I f  Payne-Gaposchkin ' s  ( 1 9 5 7 )  e s t i m a t e  

of a t  1ea.s t  8 t y p e  I1 S?; /300  y e a r s  i n  t h e  Galaxy is  c o r r e c t ,  



the r,c,xtr-ino h y p o t h e s i s  ir,lrc-ves t h e  a g r e e m e n t .  

IIence rve conc lude  i,hc.(; thc ass impt ion  o f  :?cui;rino 

e m i s s i o n  is  at l e a s t  not, c :o i i t rad ic ted  by o b s e r v a t i o n s  of 

supernova E.-equency . 

I: a m  i n d e b t e d  t o  Drs. Hong-Yee Chiu  a n d  A .  G .  1%’. Cameron 

f o r  c r i t i c i s m s  and  d i s c u s s i o n .  1-1; i s  a p l e a s u r e  t o  t h a n k  

Dr. Rober t  J a s t r o w  for t h e  h o s p i t a l i t y  o f  t h e  I n s t i t u t e  f o r  

Spcce S t u d i e s .  
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